Flammulina velutipes is a well-known edible mushroom cultivated all over the world. However, because of the low transformation frequency, the expensive instruments required, and the complicated, time-consuming procedures necessary, there is insufficient genetic research on F. velutipes. In this study, we report a liposome-mediated transformation (LMT) system for the genetic transformation of F. velutipes. Using the LMT system, we obtained 82 ± 4 stable F. velutipes transformants per 10 5 protoplasts, which is a clear increase in transformation frequency compared to the other methods used. We were able to detect the expression of an EGFP reporter gene in the F. velutipes transformants using fluorescence imaging assays. Furthermore, we used this method to transfer the laccase gene into F. velutipes and found that the transcriptional level and enzymatic activity increased in these transformants. Mitotic stability analysis showed that all of the selected transformants remained mitotically stable, even after five successive rounds of sub-culturing. These results demonstrate a new transgenic approach that will facilitate F. velutipes research.
degrade lignocellulose; therefore, it may be suitable for use in consolidated bioprocessing for bioethanol production from lignocellulose (Maehara et al., 2010b) . To increase the yield of F. velutipes and its use in biological energy production, many studies on the genetics of F. velutipes have been conducted (Kuo et al., 2004; Maehara et al., 2010a; Lin et al., 2013) . It has been reported that the genome size of F. velutipes is approximately 33 Mb and is organized into 8 chromosomes . Comparative genomic analysis based on sequence data provides a large amount of information that enables the exploration of gene function on a genome-wide scale. Although several approaches for genetic transformation have been published (Cho et al., 2006; Kim et al., 2010; Okamoto et al., 2010) , low transformation frequency, expensive instruments, and complicated, time-consuming procedures have resulted in inadequate genetic research on F. velutipes. Consequently, there exists relatively little information about its genetic characteristics, which, in turn, limits the possibility of its application to the production of bioethanol.
Liposome-mediated transformation (LMT) has a high DNA packaging capacity and makes it widely applicable to gene transformation in genetic research (Joshi and Muller, 2009; Radford et al., 1981) . Liposomes contain hydrophilic head groups and hydrophobic tails that form bimolecular lipid vesicles in aqueous environments. In the transformation process, exogenous DNA containing negative charges are attracted towards, and engulfed by, these vesicles (Chai et al., 2013; Fraley et al., 1979) . The liposomes protect DNA from degradation by nucleases and can fuse with negatively charged cell membranes (Barampuram and Zhang, 2011; Fraley et al., 1979) . This approach generates a high number of transformants and does not require special equipment. These advantages of
Introduction
Flammulina velutipes (Curt. ex Fr.) Sing. is a wellknown edible mushroom cultivated all over the world. F. velutipes is also known as a wood rotting fungus that can LMT make this method a valuable tool for the molecular genetic manipulation of fungi. To our knowledge, there are successful reports of LMT in several filamentous fungi, such as Rhizopus nigricans and Pleurotus ostreatus (Chai et al., 2013) . However, there have been no previous successful attempts of LMT in F. velutipes.
In this study, we demonstrate a high-efficiency method for the genetic transformation of F. velutipes using LMT. Using this method, we have transformed and detected the expression of enhanced green fluorescent protein (EGFP) and laccase in F. velutipes. This method will greatly facilitate future molecular genetic studies of this fungus and allow us to gain a better understanding of the genetics of this organism.
Materials and Methods
Strains, vectors and culture conditions. F. velutipes strain SH was grown at 25∞C on CYM (1% maltose, 2% glucose, 0.2% yeast extract, 0.2% tryptone, 2 mM MgSO 4 ·7H 2 O, 33 mM KH 2 PO 4 ) and used as the recipient host strain for transformation. Escherichia coli DH5a was used for plasmid amplification and grown in Luria-Bertani (LB) medium containing 100 mg/mL ampicillin or 50 mg/ mL kanamycin as required. A total of 4 mg/mL hygromycin B was used to select the positive F. velutipes transformants.
The transforming binary vector pFV-GPD was derived from the vector pCAMBIA 1300 (CAMBIA, Canberra) by the replacement of the 35S promoter from CaMV using BstX I restriction digestion, which drives the expression of the hygromycin B phosphotransferase (HPH) gene, with the glyceraldehyde-3-phosphate dehydrogenase (GPD) gene promoter from F. velutipes (Kuo et al., 2004) , which was obtained by PCR amplification with primers Fv-GPD-F1 and Fv-GPD-R1 (Table 1) and F. velutipes genome as template, and BstX I digestion (Fig. 1A) . To generate the pFV-GFP plasmid, DNA fragments containing the EGFP reporter gene and the CaMV 3¢UTR sequence were PCRamplified with primer pairs of EGFP-F and EGFP35S-R (Table 1) , from pBGgHg, and cloned into the multiple cloning sites of pFV-GPD after digestion with BamH I and Pst I (Fig. 1B) . The laccase gene (GenBank: KF557729) was amplified from the cDNA of F. velutipes using primers of Fv-LACi-F and Fv-LACi-R (Table 1 ) and the EGFP gene in pFV-GFP was replaced with the laccase gene by BamH I -Xba I digestion, giving rise to pFV-Lac (Fig. 1C) .
Protoplasts preparation. Protoplasts of F. velutipes were prepared as previously described . First, four-day-old liquid cultures of F. velutipes mycelia were incubated at 25∞C in 250-mL conical beakers containing 100 mL of CYM medium in a static culture and shaken three times a day, each time for 30 s. Mycelial fragments were collected by centrifugation at 3,000 ¥ g for 10 min, washed with 10.93% mannitol twice, and then resuspended in 1 mL of 2% lysing enzymes (Guang Dong Institute of Microbiology, China) containing 10.93% mannitol. After incubation for 1.5 h, the protoplasts were washed twice with 10.93% mannitol, centrifuged at 3,000 ¥ g for 10 min to remove enzymes, and every 0.3 g of mycelia (by wet weight) was resuspended in 1 mL of 10.93% mannitol.
Transformation procedure. The plasmids were transferred into F. velutipes using liposome-mediated transformation (LMT) with some modifications (Chai et al., 2013) . The procedure included several modifications as follows: 25 mL of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and 25 mL of 2 mg mL -1 pFV-GFP were mixed and placed on ice for 30 min, 500 mL of the protoplasts suspension was added into the mixture of the pFV-GFP and Lipofectamine 2000 and then mixed well and placed on ice for 30 min, and 200 mL of the transformation solution was plated on CYM plates (with 4 mg/mL hygromycin B) with 10.93% mannitol as osmoprotectant, and cultivated at 25∞C. Each experiment was repeated three times.
The plasmids were transferred into F. velutipes by electroporation-mediated transformation (EMT) with some modifications . The procedure included several modifications as follows: every 200 mL of protoplasts were mixed with 10 mL of plasmid DNA (0.5 mg/mL plasmid pFV-GFP); the mixture were incubated on ice for 10 min before electroporation; exponential decay high-voltage electric pulses were delivered by a BTX ECM 630 using 2-mm cuvettes (BTX, San Diego, CA, USA). The electroporation settings used for transformation were 1.5 kV/cm field strength, 25 mF capacitance, and 400 V resistance. The transformation solution was plated on CYM plates (with 4 mg/mL hygromycin B) with 10.93% mannitol as osmoprotectant, and cultivated at 25∞C. Each experiment was repeated three times.
The plasmids were transferred into F. velutipes by Agrobacterium tumefaciens-mediated transformation (AMT) with some modifications (Okamoto et al., 2010) . The number of protoplasts used for AMT was 10 5 . LBA4404 cells harboring pFV-GFP were grown at 28∞C on a rotatory shaker (200 rpm) in 5 mL of LB broth supplemented with 50 mg/mL rifampin and 50 mg/mL kanamycin to an optical density of 0.5-0.6 at 600 nm (OD 600 ). Bacterial cells were harvested by centrifugation at 4,000 ¥ g, washed once with fresh IM [10 mM K 2 HPO 4 , 10 mM KH 2 PO 4 , 2.5 mM NaCl, 2 mM MgSO 4 ·7H 2 O, 0.7 mM CaCl 2 , 9 mM FeSO 4 ·7H 2 O, 4 mM (NH 4 ) 2 SO 4 , 10 mM glucose, 0.5% (w/v) glycerol, 200 mM acetosyringone (AS), 40 mM 2-(N-morpholino)ethanesulfonic acid (MES)], and Name Sequence
Fv-ACTrt-R 5¢-CCACGTTCCATCAGGTTCTT-3¢ Table 1 . Oligonucleotide primers used in this work.
The sequences with lowercase letters, ccaacatggtgg, ggatcc, ctgcag, and tctaga, indicate BstX I, BamH I, Pst I, and Xba I restriction sites, respectively.
diluted in 5 mL of fresh IM to an OD 600 of 0.1. The bacterial cells were further grown at 28∞C on a rotatory shaker (200 rpm) to an OD 600 of 0.5-0.6. The co-culture of A. tumefaciens and F. velutipes protoplasts was conducted at a ratio of 10:1. The co-cultures were spread evenly on 50 mm nitrocellulose membranes laid on top of 10 mL of solidified AS-containing IM-agar plates (IM plus 1.5% agar containing 0.2 mM AS) and incubated at 25∞C for 48 h. Following co-culture, the membranes were transferred to CYM plates (with 4 mg/mL hygromycin B) supplemented with 10.93% mannitol as osmoprotectant and 200 mg/mL cefotaxime to inhibit the growth of A. tumefaciens. Each experiment was repeated three times.
Extraction of genomic DNA and RNA. Following growth on CYM medium for 7 days at 25∞C, mycelia of each strain were harvested by vacuum-filtration and washed with sterile water. The mycelia were ground to a fine powder in liquid nitrogen. Extraction of the total DNA from the fungus was conducted by a method adapted from the CTAB method described previously (Mu et al., 2014) . Aliquots of 0.2 g of mycelia were collected by filtration from the culture medium and frozen in liquid nitrogen. Total RNA was extracted using an RNA isolation kit (TaKaRa, Dalian, China), treated with RNase-free DNase I (TaKaRa, Dalian, China) and then reverse-transcribed into cDNA using an oligo (dT) 17 primer. A. Construction of plasmids with the replacement of the promoter-driving expression of the HPH gene. In pFv-GPD, the hygromycin resistance marker (hph) is expressed by the F. velutipes GPD promoter. LB and RB, left-border and right-border regions of T-DNA of pCAMBIA 1300. MCS, multiple cloning site. The main component of pCAMBIA 1300 which was used as the backbone plasmid is also shown. B. Construction of plasmids with the insertion of EGFP as a reporter gene, driven by the F. velutipes GPD promoter. C. Construction of plasmids with the insertion of laccase as a reporter gene, driven by the F. velutipes GPD promoter.
Transformants analysis by PCR and Southern Blot.
Detection of the hph gene was conducted by PCR using primers HPH-DET-F and HPH-DET-R and the genome of transformants as templates (Table 1) . Amplification included an initial denaturation at 94∞C for 5 min followed by 30 cycles of denaturation at 94∞C for 40 s, annealing at 55∞C for 40 s, and elongation at 72∞C for 1 min, with a final elongation step at 72∞C for 5 min.
For Southern blot analysis, 30 mg of genomic DNA from untransformed F. velutipes and three randomly selected transformants was digested overnight at 37∞C with BamH I (Fermentas, Canada). The pFV-GFP plasmid linearized with BamH I was used as the positive control. The digested products were separated by electrophoresis on a 0.8% TBE-agarose gel and transferred onto a Hybond-N + nylon membrane, then probed with a biotin-labelled 644-bp hph fragment generated by PCR amplification using primers HPH-DET-F and HPH-DET-R and the Biotin Random Prime DNA labeling Kit (Beyotime, China). Signal detection was conducted using the Chemiluminescent Biotinlabeled Nucleic Acid Detection Kit (Beyotime, China) according to the manufacturer's instructions.
Expression analysis of the EGFP reporter gene. The green fluorescence emission from EGFP was detected using a Nikon Eclipse Ti-S microscope Zhang et al., 2014) . Images were recorded and processed using the NIS-Elements F package.
Quantitative real-time PCR of laccase and actin gene expression. The laccase and actin gene transcript levels were determined by quantitative real-time PCR using SYBR Green I on an Eppendorf Mastercycler ep Realplex (Eppendorf, Germany), using primer pairs of FV-LACrt-F-FV-LACrt-R and FV-ACTrt-F-FV-ACTrt-R (Table 1) , respectively, and the cDNA sample as template.
PCR reactions were performed using the SYBR Green Real Time PCR Master Mix (TaKaRa, Dalian, China) according to the manufacturer's protocol. After an initial denaturation step at 95∞C for 5 min, amplification was performed in three steps in a total of 40 cycles: 30 s of denaturation at 95∞C, 60 s of annealing at 60∞C, and 30 s of extension at 72∞C. Identical PCR conditions were used for both the genes. Transcript levels were calculated using the standard curve method and normalized against the F. velutipes actin gene (Act) as an internal control. PostqRT-PCR calculations of relative gene expression levels were performed according to the 2 -DDCT method described before (Ren et al., 2013) . The WT strain served as the reference sample against which all the other transformants were compared; the expression of the reference sample was defined as 1.0, and the expression of the laccase genes in all the other transformants is reported as the fold increase over the reference sample.
Assay for laccase activity. Following growth on CYM media for 7 days at 25∞C, the laccase activities were analyzed. The laccase enzyme assay was performed as previously described using 2¢-azino-di-3-ethylbenzothiazoline-6-sulfonate (ABTS, Sigma) as a substrate . One unit of laccase activity was defined as a one-point increase in absorbance at 420 nm at 28∞C in 1.0 min.
Assay for the mitotic stability of the transformants. To determine mitotic stability, thirty randomly selected transformants were cultured on CYM plates without hygromycin B for 7 days. Mycelia from the edge of the cultures were selected with a toothpick and grown on fresh CYM plates for another 7 days. After repeating this procedure 5 times, germinating mycelia from each transformant were transferred to CYM plates containing hygromycin B (4 mg/mL).
Results

Comparison of the transformation efficiency of the three transformation procedures
In our preliminary studies, the sensitivity of mycelium protoplasts of F. velutipes to hygromycin B was evaluated. The result showed that the strain used in this paper could be completely growth-inhibited with 4 mg/mL of hygromycin B, which is a minimal concentration. In an attempt to develop a simple, highly-efficient, and low-time cost transformation system for F. velutipes, we tested the applicability of three different methods: LMT, EMT and AMT.
First, we constructed the transforming binary vector pFV-GPD, which was derived from the vector pCAMBIA 1300, by the replacement of the 35S promoter for the expression of the HPH gene with the FvGPD gene promoter from F. velutipes (Fig. 1A) . This was followed by the clon- ing of another FvGPD gene promoter, the egfp reporter gene, and the CaMV 3¢UTR sequences into the multiple cloning site of pFV-GPD to generate the transforming plasmid pFV-GFP (Fig. 1B) . The pFV-GFP plasmid was introduced into F. velutipes by LMT, EMT or AMT. With all of these methods, colonies could grow well in a medium A. Quantitative real-time PCR analysis of the expression levels of the laccase gene in the wild type strain (WT), control strain (CK, harboring the pFv-Lac plasmid without the laccase gene), and the two randomly selected OELs: OEL1 and OEL7. B. The analysis of laccase activity in the strains. Values are means ± SD (n = 3). Asterisks represent significant differences between the strains according to a one-way ANOVA test (P < 0.01). containing hygromycin B. The control, which had no pFV-GFP plasmid added, could only grow in a medium with no hygromycin B.
To select a better approach for further studies of F. velutipes, we compared the transformation efficiency, the degree of complexity, the time consumption, and the cost, of the three methods. As a transformation method, the most important factor is the transformation efficiency (TE). The factors that influence TE are listed in Table 2 . The highest TE was with LMT, which could produce at least 82 ± 4 cfu per mg plasmid DNA per 10 5 protoplasts, and was 3.5-fold and 10-fold greater than EMT and AMT, respectively (Table 2) . Furthermore, LMT had the least number of parameters influencing efficiency, had a low cost, and did not need any expensive equipment. Thus, LMT was simply the most effective among these three transformation methods.
Characterization of reporter gene in the transformants
F. velutipes transformants obtained using LMT, EMT, or AMT were randomly selected and repeatedly sub-cultured five times. The expected PCR amplifications were obtained from all DNA samples of the transformants using the primer pairs for the hph gene ( Fig. 2A) . To investigate the pattern of integration of the foreign DNA fragment, three putative transformants were randomly selected for Southern blot analysis using the 644 bp PCR-amplified hph sequence as the probe. The results showed that all 3 transformants had the foreign DNA insertion, and the various-sized positive DNA bands obtained in the Southern blot analysis indicated that integration had occurred randomly at different sites in the genome (Fig. 2B) . The Southern blot analysis therefore confirmed that the foreign DNA was successfully integrated into the chromosomal DNA of F. velutipes.
Fluorescence imaging was used to detect the expression of egfp in the transformants (Fig. 2C) . While no EGFP fluorescence could be detected in wild-type mycelia, the transformants exhibited positive EGFP signals to varying degrees. This result suggests that the transformants expressed the EGFP gene successfully.
To verify the transformation effect of LMT, we used the laccase gene of F. velutipes as a reporter gene. The transformation plasmid pFV-Lac was constructed by replacing the egfp of pFV-GFP with the laccase gene, and then this plasmid was used to transform F. velutipes via LMT. To examine laccase gene overexpression in transformants (OELs), the transcription of laccase gene in the OELs was examined using real-time PCR. The laccase gene transcription levels were normalized to those of the endogenous actin gene. Two OELs were randomly chosen to quantify the increase in mRNA transcript levels at this locus (Fig.  3A) . Our results show that the mRNA transcripts from the two OELs were up-regulated 1.6-to 1.9-fold compared with the WT or CK strains (which harbored the pFv-Lac plasmid without the laccase gene).
Furthermore, the increased levels of laccase activity of these two OELs were also examined. The activity of laccase, which was measured by monitoring the absorbance at 420 nm using ABTS as a substrate, demonstrated that the enzymatic activity of OELs were up-regulated 2-3-fold compared with WT or CK (Fig. 3C) . These results suggest that the transformants had overexpressed the laccase gene successfully.
Mitotic stability
F. velutipes transformants did not show any morphological differences compared with the wild-type strain under identical physiological conditions. To determine whether the transforming DNA was stably maintained in the genome of F. velutipes, 30 transformants were grown on CYM plates without hygromycin B and re-plated for five generations. We obtained 30 mitotically stable transformants out of 30 colonies, thus confirming the genetic stability of the integrated DNA in this fungus and the suitability of this method as a tool to introduce foreign DNA into F. velutipes.
Discussion
Edible fungi have an important economic and medicinal value worldwide. However, the growth and developmental studies of edible fungi, particularly F. velutipes, have been limited due to the lack of an efficient gene transfer system. The main objective of this work was to establish optimum conditions for the transformation of F. velutipes. In 1981, LMT was successfully applied to Neurospora crassa because of its efficiency and technical simplicity (Radford et al., 1981) . Using the LMT system, we obtained 82 ± 4 stable F. velutipes transformants per 10 5 protoplasts. In contrast, the transformation yield was 25 ± 4 transformants per 10 5 protoplasts using EMT and 12 ± 2 transformants per 10 5 protoplast using AMT. The LMT system clearly resulted in an increased transformation frequency compared with the other methods used.
LMT was first reported in Escherichia coli (Fraley et al., 1979) and then in several other bacteria, including Gram-negative bacteria (Kawata et al., 2004) , Gram-positive bacteria (Makins and Holt, 1981; Yu et al., 2001) , and archaea (Metcalf et al., 1997) . However, this method is not very effective in bacteria with cell walls, which blocks the passage of large molecules or vesicles, and has to be combined with other techniques such as competent cells/ CaCl 2 , protoplast preparation, electroporation or PEG/ CaCl 2 -mediation (Chai et al., 2013) . There are similar difficulties in fungi and plants due to their cell walls. Previously, protoplasts needed to be prepared for LMT (Radford et al., 1981; van Wordragen et al., 1997) . Therefore, the preparation and regeneration efficiency of protoplasts and the differences in physiology between protoplasts and original cells became important factors for the application of LMT in plants and fungi (Rao et al., 2009) .
Mitotic stability analysis showed that all of the selected transformants remained mitotically stable even after being sub-cultured in the absence of hygromycin B, and they maintained the antibiotic resistance conferred by the hph gene. EGFP fluorescence was also detected in the transformants and the fluorescence intensity was particularly strong. In addition, we used LMT of F. velutipes to express the laccase gene under the control of the Fv-gpd promoter. Quantitative real-time PCR showed that the transcriptional level of the gene was enhanced in the transformants. This correlated with the enzymatic activities of laccases in OELs that were at least 200% higher compared to that of the control sample. These results suggest that this transgenic method can be used for the expression of functional genes and could be effectively used in molecular genetic studies of this fungus.
Furthermore, compared with other transformation systems used in F. velutipes, LMT has many superior factors. Firstly, LMT has a higher transformation efficiency than AMT and EMT, which were reported to be highly efficient procedures. Kim et al. (2010) reported that EMT in F. velutipes could obtain 177 transformants/mg of DNA in 1 ¥ 10 7 protoplasts. In this paper, we optimized this method to obtain 25 ± 4 transformants/mg of DNA in 1 ¥ 10 5 protoplasts by changing the parameters to 1.5 kV/cm field strength, 25 mF capacitance, and 400 V resistance. AMT, as reported by Okamato et al. (2010) , was able to obtain 2.7 ± 2.6 clones in 10 mg (fresh weight) of mycelium. In this paper, we optimized this method to obtain 12 ± 2 transformants/mg of DNA in 1 ¥ 10 5 protoplasts by changing the vegetative dikaryotic mycelium to protoplast. Cho et al. (2006) reported that approximately 16% of the gill tissue pieces of F. velutipes fruiting bodies could be transformed by AMT. Although it is difficult to compare this transformation efficiency with our data, by optimizing EMT and AMT methods we obtained similar or slightly higher efficiencies than the previously reported methods. However, LMT could obtain 82 ± 4 positive transformations in 10 5 protoplasts. In addition to the highest transformation efficiency, LMT also has other advantages, which are listed in Table 2 , such as low time requirements and cost.
Our results demonstrate that LMT improves the transformation efficiency of F. velutipes and the mitotic stability of transformants, thereby demonstrating that LMT is a powerful tool for functional genomic research in F. velutipes.
